The Baci//us thuringiensis (Bt) cry///A gene is regulated by a different mechanism from that of most of the other cry genes. Its expression begins during late-exponential growth and not during sporulation as for the other classes of cry genes. Moreover, in BacNus subtilis, crylllA expression is independent of the major sporulation-specific sigma factors and is increased in a spoOA genetic background. We used lac2 fusions and primer-extension analysis to follow the time-course of cry///A transcription in Bt wild-type and in various Spo-genetic backgrounds (spoUA, sig€ and sigK). cry///A was activated from the end of vegetative growth to stage II of sporulation (t,) in the wildtype strain. Thereafter, transcription from the same promoter continued, at a decreasing rate, until the end of stage 111. In the spoOA mutant strain, the same promoter was activated for a t least 15 h during the stationary phase. cry///A activation in the sigK genetic background was similar to that in the wild-type but was extended in a sig€ mutant strain. Thus cry///A expression in Bt is not directly dependent on the major sporulation-specif ic sigma factors. Furthermore, an event linked with the aE-dependent period of sporulation ends cry///A activation, although transcription of this gene does not switch off before the end of stage 111.
INTRODUCTION
and oK, active in the mother cell. oE is active from stage I1 (formation of the asymmetric septum in the mother The Gram-positive sporulating bacterium Bacillus cell) to stage IV (cortex formation), when oK becomes thuringiensis (Bt) produces a variety of insecticidal proteins active (Errington, 1993) . Ultrastructural studies showed toxic to major crop pests and disease vectors. These that the various stages defined for B. subtilis sporulation proteins accumulate in the cytoplasm of the cells during can also be identified in Bt (Ribier & Lecadet, 1973 ; the stationary phase or sporulation to form crystalline Bechtel & Bulla, 1976) . inclusions which can accohnt for 25% of the dry weight of the cells. At the end of the sporulation process, crystals and spores are liberated concomitantly by lysis of the cells (for a review, see Agaisse Baum & Malvar, 1995) .
Sporulation in Bacillus subtilis is temporally and spatially regulated by a cascade of transcription factors in which six sigma factors are sequentially activated. They are oA, the primary vegetative-phase sigma factor, and five s orulation-specific factors, oH, active before septation, o and oG, active in the forespore compartment, and oE % t Present address: lnstituto de Biotecnologla, Universidad Nacional Aut6noma de Mexico, Apdo. Postal 510-3, Cuernavaca 62271, Mor., Mexico.
The various crystal proteins have been classified as CryI, CryII, Cry111 and CryIV according to their activity spectra and sequence similarities (Hofte & Whiteley, 1989) . Transcription of most of the c v genes is dependent on the sporulation-specific sigma factors 035 and 02', which are homologous to the B. subfilis sporulation factors oE and oK, respectively (Brown & Whiteley, 1988 ; Adams e t al., 1991) . Promoters similar to those recognized by the sporulation sigma factors have been found upstream from many c y genes by sequence analysis (Ward & Ellar, 1986; Widner & Whiteley, 1989; Brizzard etal., 1991 ; Yoshisue etal., 1993 Yoshisue etal., , 1995 .
The promoter region and the regulation of cylllA differ from those of the other cr3/ genes (Agaisse & Lereclus, Bravo et al. (1996) * kan, kanamycin ; Em', erythromycin resistant.
1994b) : cr_yIIIA is expressed during vegetative growth and is activated at the onset of the stationary phase (Sekar, 1988; De-Souza et al., 1993; Agaisse & Lereclus, 1994a; Malvar e t al., 1994) . Moreover, experiments in B. sabtilis sporulation mutants using IacZ fusions demonstrated that expression of cr_ylIlA is not dependent on a sporulationspecific sigma factor and is increased in a spoOA genetic background (Agaisse & Lereclus, 1994a) . This was confirmed by constructing a spoOA mutant of Bt and introducing the cr_yIlIA gene in this strain : large amounts of CryIIIA toxin were produced (Lereclus e t al., 1995) . Similarly, a spoOF mutant of Bt slightly overproduces CryIIIA .
CryIIIA crystal synthesis and sporulation, which occur concomitantly in the mother cell, are regulated by different mechanisms. It is therefore of interest to investigate the interactions between the two processes. cr_yIIL4 activation during the transition phase between vegetative phase and sporulation has been thoroughly studied (De-Souza e t al., 1993; Agaisse & Lereclus, 1994b; . In contrast, little information is available about the regulation of c r~y f f I A expression at later stages of sporulation ; in particular, when cr_yIIIA transcription ends is unknown.
The cr_yIIIA promoter region is located unusually far upstream from the translational start codon of the gene, i.e. between nucleotides -635 and -553 (Agaisse & Lereclus, 1994b) . Thus, transcription of c v I I I A leads to a large transcript with a 5' extremity at nucleotide position -558. However, this transcript is transformed into a stable form, the 5' extremity of which is nucleotide -129 (Agaisse & Lereclus, 1994b 
METHODS
Bacterial strains, plasmids and media. All strains and plasmids used are listed in Table 1 . Bt strains were grown at 30 "C with shaking (150 r.p.m.) in Luria Broth (LB) or in nutrient broth sporulation medium (SP medium). SP medium contained 8 g nutrient broth (Difco) I-' , 1 mM MgSO,, 13 mM KC1 and 10 pM MnC1,; after sterilization, 4.4 mg ferric ammonium citrate 1-' and 0.5 mM CaC1, were added.
Erythromycin was used at 5 pg ml-' and kanamycin was used at 200 pg ml-' for Bt. Bt was transformed as described previously by Lereclus e t al. (1989) .
To synchronize Bt cells grown in SP medium, cultures were started from frozen vegetative cells previously grown in selective LB medium. Samples from the cultures were centrifuged and stored frozen at -20 OC until used for pgalactosidase assays.
Synchronization of cell growth was checked by monitoring the development of sporulation as follows. Culture aliquots were heated at 80 "C for 20 min and plated on selective LB medium.
By comparison with unheated samples similarly plated, the fraction of thermoresistant spores in the cell population was determined. Less than 1 % of the cell population was thermoresistant at t, (t, meaning x hours after the beginning of the stationary phase), 27 % was thermoresistant at t,, and 100 Y o at t12. These results are in agreement with the results obtained using Bt cells grown in HCT medium by Ribier & Lecadet (1973 p-Galactosidase assays. Frozen cell pellets were thawed in Z buffer (Miller, 1972) and disrupted by sonication (2 x 30 s sonication at 4 "C with an intervening 30 s pause) using a Branson sonifier model 250. Cell debris was eliminated by centrifugation, and P-galactosidase activity was assayed as previously described by Miller (1 972). Protein concentrations were determined using Bradford reagent with bovine serum albumin as standard. Specific activities are expressed in modified Miller units (Perego & Hoch, 1988) . Results presented are means of at least two independent experiments.
RNA extraction and primer extension. Cells (5 ml) were pelleted by centrifugation (6000 r.p.m. ; 10 min; 4 "C) and immediately stored frozen at -70 "C. Pellets were resuspended in 5 ml distilled water treated with diethyl pyrocarbonate. RNA was extracted as previously described by Glatron & Rapoport (1972) . The c r y l l l A transcription start site was determined by primer extension using as primer a 32-mer oligonucleotide (3'-CAATCTATTCGTAAACTCCATCTCAGGCAGGC-5'), complementary to the DNA sequence from positions -452
to -420 with respect to the translation start site of cryylllA (nucleotide position +1). The 5' end was labelled with [)/-"P]ATP (1 10 TBq mmol-l) using T4 polynucleotide kinase.
Nucleotide sequences were determined using the dideoxy chaintermination method (Sanger 
RESULTS

Temporal regulation of cry///A expression in sporulating Bt cells
The timing of cr_yIlIA expression in sporulating cells was followed with respect to that of oE and oK activity. In B. subtilis, the promoters of the spoIID and c o t A enes are transcriptionally dependent on the oE and oB factors, respectively (Rong e t al., 1986; Sandman e t al., 1988) . In Bt, the respective transcriptional dependency of these two promoters has been confirmed using oE and oK mutant strains (Bravo e t al., 1996) . oE activity, and thus the corresponding period of sporulation in Bt, were monitored using a transcriptional fusion of the spoIID promoter region to the IacZ re orter gene (plasmid using a transcriptional fusion of the c o t A promoter to the lacZ reporter gene (plasmid pHTcotA ; Table 1 ). cr_ylIlA expression was monitored using pHT7830, which carries a transcriptional fusion of the complete promoter region of cr_ylIllA to the lac2 reporter gene (Table 1 ). All three plasmids are derived from pHT304-182 ; the background P-galactosidase activity obtained with this plasmid is very
The three plasmids were introduced into Bt, strain 407
Cry-. Cells were grown in SP medium and assayed for P- Table 1 ). Similarly, o 1: activity was followed O), pHTspollD (oE-dependent lacZ fusion; 0 ) or pHTcotA (oKdependent lacZ fusion; 0) was grown in SP medium at 30 "C.
Cells were assayed for P-galactosidase activity at various times.
to indicates the end of the exponential growth; t, is the number of hours before (-) or after (+) time zero.
galactosidase production (Fig. 1) . The P-galactosidase specific activity curve of the spoIID-lacZ fusion was bellshaped and the maximum activity was at t, under the conditions of the experiment. A similar curve, displaying a maximum, has also been reported for B. subtilis (Rong e t al., 1986) . This indicates that lacZ was expressed from a transiently activated promoter and that P-galactosidase was not stable in the mother-cell compartment during sporulation. As assessed from the activity of the spoIID-lacZ fusion, oE was active from t, to t,/t,. At that time, oK became active, as deduced from the Pgalactosidase activity of the cotA-lacZ fusion. These data are in agreement with those deduced from microscopic examination, according to which t, corresponds to the end of stage 111, and with the timing of activity of o E during stage I1 and I11 of sporulation in B. subtilis (Dricks & Losick, 1991) .
In Bt cells harbouring pHT7830, crJyIIIA-mediated lacZ expression increased from late-exponential phase (t-,) to t,, remained constant for about 4 h, and declined thereafter. The activation of cr_yIIIA at the end of exponential growth to early sporulation is in close agreement with previous reports (De-Souza e t al., 1993; Agaisse & Lereclus, 1994b ; . The plateau in Pgalactosidase specific activity beyond t, indicates that cr_yIIIA transcripts continued to be translated after t,, such that P-galactosidase synthesis was equal to degradation. Indeed, if there was no synthesis, P-galactosidase specific activity would drop rapidly as in the case of the spollD-IacZ fusion after t,. These results suggest that there are two phases in cr_yllIA expression in Bt cells : an activation period which ends concomitantly with the turning on of oE and a period during which c r~y l l l A expression is maintained (roughly until oK becomes functional in the mother-cell compartment, i.e. stage IV of sporulation) (Ribier & Lecadet, 1973; Bechtel & Bulla, 1976 ; Errington, 1993 ; Moran, 1993) .
S. S X L A M I T O U a n d O T H E R S
crylllA transcription is extended in a Bt spoOA
genetic bac kg ro u nd
We investigated the transcription of cr_lllA by primerextension analysis. The primer chosen was specific for the 5' extremity at nucleotide -558 of the cr_ylllA transcripts (see Methods). The activation of cr_lllA transcription at the onset of the stationary phase has already been studied in wild-type Bt strain (Agaisse & Lereclus, 1994b) . We therefore looked at cr_IIIA transcription from t, to the end of sporulation, i.e. t15. As cr_ylllA expression is increased in an spoOA genetic background of B. szlbtilis (hgaisse & Lereclus, 1994a), we also investigated the time-course of cr_yIllA transcription in a spoOA mutant strain of Bt. mRNA was extracted from Bt cells sampled 3, 6, 9, 12 and 15 h after the onset of the stationary phase and the cr_yIlIA transcripts were characterized by primerextension analysis in the wild-type strain (407) and in the spoOA mutant strain (407-Oh) harbouring pHT7830 (Fig. 2) . mRNX with the 5' end at position -558 with reference to the translation start codon (Agaisse & Lereclus, 1994b) was detected from t, to t, during the sporulation process in the wild-type Bt strain (Fig. 2a) . The primer-extension signals were quantified with a Phosphorimager (Fig. 2b) . Transcription decreased from t, onwards, and the signal could not be detected at t,, and i15. However, the signal intensity at t, (about 5 0 % of that at t,) and the pgalactosidase activity indicate that a large amount of cr_ylIIA transcript was still present in the cells at that time.
These observations suggest that cr_ylllA transcription continues during stage I11 of sporulation in Bt, even if it slows down after t,/t,.
The 5' extremity corresponding to the cr_ylllA promoter was also identified throughout the stationary phase in the spoOA mutant strain (Fig. 2a) , demonstrating the ability of this promoter to function in Bt without any sporulationdependent sigma factors. It is thus presumably responsible for the CryIIIA production previously observed in Spomutant strains of Bt Malvar e t al., 1994; Lereclus e t al., 1995) .
In the spoOA genetic background, the signal obtained by primer extension remained roughly constant from t, to t I 5 (Fig. 2b) . cr_ylllA-directed p-galactosidase synthesis was indicates the end of the exponential growth; t, is the number of hours before (--) or after (+) time zero.
assessed hourly (Fig. 3) . The accumulation of /3-galactosidase up to t,, correlated well with the constant quantity of cr_yIIIA transcripts. Addition of rifampicin to the cultures at t,, led to a rapid ( < 5 min) disappearance of the signal corresponding to the 5' end at nucleotide -558 of the cr_yIIlA'-'lacZ transcripts (data not shown). This demonstrated that these cr_ylIlA transcripts were not unusually stable, and that indeed the cryIIlA promoter was still functional at t,, in the spoOA genetic background.
The rate of P-galactosidase production in the spaOA mutant strain was similar to that in the wild-type strain until t,. After t,, P-galactosidase specific activity reached a maximum in the wild-type strain whereas it continued to increase at the same rate in the spoOA mutant strain. This produced a much higher level of P-galactosidase synthesis in the spoOA mutant strain [about 55000 U (mg protein)-'] than in the wild-type [lOOOO U (mg protein)-'].
crylllA expression in sigE and sigK sporulation mutants of Bt cr_yIIIA transcri tion is maintained in wild-type Bt roughly until D ' is turned on. To assess whether the absence of oK prolonged cr_ylIIA expression, we introduced pHT7830 into the sigK strain of Bt, and cr_yIUA-directed P-galactosidase synthesis in this genetic background was compared to that of the wild-type (Fig.  4) . The patterns of cr_yllIA-directed P-galactosidase synthesis in the two strains were not significantly different, suggesting that the turn off of cr_yllIA transcription in wild-type Bt is not dependent on the turning on of oK.
The other prominent aspect of cr_yIIlA expression in wildtype Bt is that the activation of this gene ends concomitantly with the appearance of an active oE in the cell. This effect disappears in a spoOA genetic background in which the whole sporulation transcription factor cascade is interrupted. We investigated the effect of a sigE disruption on cr_yllIA expression in Bt. In this genetic background, cr_yIIIA-directed P-galactosidase synthesis increased from the late-exponential phase of growth to t,, when it reached a maximum of about 27000 U (mg protein)-'. From the end of vegetative growth to t,, the rate of /3--galactosidase accumulation in the sigE strain was similar to that in the wild-type strain, but it continued increasing in the mutant strain until t,.
cr_yllIA expression was not negatively affected in crE o r oK mutant strains, indicating that cr_yIIlA is not significantly transcribed by these sporulation-specific sigma factors.
Unlike the situation in B. subtilis, where cr_yIllA expression was similar in the wild-type and in the sigE strains (Agaisse & Lereclus, 1994a) ) a block in sporulation at oEdependent stages led to extended cr_ylIIA expression in Bt. This is consistent with the presence of a #-dependent negative regulator in wild-type Bt which may repress cr_yIIlA expression at the transcriptional level. The prolonged transcription in the spoOA strain is also consistent with this hypothesis. However, the finding that the maximum P-galactosidase activity level is higher in the spoOA strain than in the sigE strain suggests that there is an additional effect in the spoOA strain to that mediated by oE. Indeed, as sigE activation is dependent on SpoOA (Satola e t a/., 1992; York e t a/., 1992), the pattern of cr_yIllA expression in the spoOA and in the sigE mutant strains should be identical if the spoOA interruption effect was merely due to the absence of oE.
DISCUSSION
We show here that cr_yllIA is transcribed from stage I1 to stage IV by the promoter previously identified between positions -635 and -553 (Agaisse & Lereclus, 1994b) .
The c y I I I A promoter has already been shown to be activated at the end of vegetative growth (De-Souza et al., 1993; Agaisse & Lereclus, 1994b; .
Thus, two distinct periods can be distinguished in cyIII-4 expression: an activation which ends during stage I1 (concomitantly with the turning on of oE), and a period during which transcription is maintained, albeit at a slower rate, until stage IV of sporulation. The cyIII-4 promoter is thus functional in Bt from the end of the vegetative phase until the middle of sporulation.
Transcription by this promoter is not dependent on a sporulation-specific sigma factor, as previously reported for B. s.&tilis (Agaisse & Lereclus, 1994a) . Progression of Bt cells beyond stage I1 of sporulation even had a negative effect on c y I I I A transcription. Indeed, in the s p o O A and sigE mutant strains, cyI1IA expression undergoes the same activation as in the wild-type strain but this activation does not end at t,, and transcription remains high during the stationary phase in the SpoOA genetic background. In contrast, the absence of oK has no significant effect on c y I I I A expression. These results could indicate a shut off of c y I I I A activation caused by a oE-dependent negative regulator. A similar transcriptional turn off, oF-dependent in this case, has been proposed for the amyE gene. In this case, it was observed that B. szlbtilk spoIIA strains continued producing aamylase after tz at the rate observed between to and tz, in contrast with the wild-type strain (Weickert e t al., 1990) . No information relevant to the time-course of oA expression in Bt is available. In B. subtilis, the presence of an active oA at sta es of sporulation later than the period during which o ' is active, is controversial (Linn et al., 1973 ; Tjian & Losick, 1974 ; Carter e t al., 1988 ; Qi & Doi, 1990 ; for a review, see Haldenwang, 1995) . However, aprE mRNA, directing the synthesis of B. stlbtilis subtilisin, the transcription of which is dependent on oA, was reported to be present 5 h after the onset of the stationary phase (Park e t al., 1989) . These results suggest that a oAdependent transcription could occur in cells at late stages of the sporulation process. In the case of c y I I I A expression, the dependence of transcription on oA is yet to be confirmed.
